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ABSTRACT 
SNARE driven membrane fusion proceeds through an unknown process of events. It 
is still a mystery whether there is one chronological order of events for SNARE fusion or if 
there are multiple pathways. Two intermediates, hemifusion and protein fusion pore, have 
been found. The relationship between these two intermediates are unknown. If the two are 
part of the same pathway, hemifusion would logically precede a fusion pore but it is 
unknown how the SNAREs are involved with either. By using total lipid mixing and inner 
lipid mixing fluorescence, syntaxin G276W, which is known to affect fusion pore stability, 
was compared with the wild type syntaxin during SNARE fusion. These assays showed no 
difference in total lipid mixing and amount of hemifusion between fusion with the wild type 
syntaxin and G276W syntaxin. Syntaxin G276W, which affects foot size in neurotransmitter 
release, does not change the SNAREs fusion rate or amount of hemifusion. This result 
shows that by disrupting the fusion pore size, the fusion and hemifusion rates are not 
effected. How the protein fusion pore is related to hemifusion in the fusion model is still a 
mystery. 
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CHAPTER 1. INTRODUCTION 
Membrane fusion in eukaryotic organisms is essential for many functions. These are 
accomplished by three families of proteins termed Soluble NSF Attachment Protein 
REceptors or SNAREs. SNAREs are a group of proteins able to form a four helix bundle 
with one another to bridge two apposing bilayers leading to membrane fusion. The 
intermediates fusion events involving the SNARES are still being identified and confirmed. 
The SNARE bundle consists of three proteins; syntaxin, vesicle associated membrane 
protein VAMP, and 25 kD protein SNAP-25. The SNARE hypothesis was introduced over a 
decade ago and states that syntaxin and SNAP-25, which are attached to the neuron vesicle 
membrane, bind VAMP, which is attached to the inner plasma membrane, to form a bridge, 
attaching the two separate bilayers (Sollner et. al. 1993). The SNARE bundle is composed of 
four coiled coil domains. Syntaxin and VAMP both have transmembrane domains anchoring 
them to the membrane as well as coiled coil domain which contributes to the SNARE bundle. 
SNAP-25 has two coiled coil domains that contribute to the SNARE bundle. Another 4 
helical bundle termed the t-SNARE is made from two coiled coil domains contributed by two 
syntaxins and two coiled coil domains belonging to SNAP-25. 
To understand how SNAREs fuse membranes, it is necessary to break the mechanism 
into steps. Two models have become increasingly popular. Viral fusion studies found a 
hemifusion state that is considered an important step in viral fusion, which had researchers 
looking for hemifusion in SNARE fusion. Recently, evidence of a hemifusion state has been 
documented by using lipid mixing fluorescence assays (Lu X et. al. 2005). 
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The other model includes a stable fusion pore intermediate. Capacitance and 
amperometry are sensitive enough for both to pick up the same fusion events with the 
capacitance of the plasma membrane measured to give the total surface area and 
amperometry measuring the release of neurotransmitter from vesicle into the extracellular 
space. During amperometry experiments, a small foot is seen briefly before a large spike. 
This experiment has lead to a fusion pore hypothesis where the small foot is from the 
development of a small stable fusion pore just before pore dialysis (Brechenridge et. al. 
1987). 
There is evidence that the SNARE transmembrane domains oligomerize, bringing 
several SNARE bundles into one position to promote fusion . Recently, amperometry and 
capacitance experiments where syntaxin residues were mutated to non-charged amino acids 
on one side of its helix have shown a decrease in foot size that directly correlates to amino 
acid size (Han X. et. al. 2004). The decrease in foot size is from a decrease in the amount of 
neurotransmitter release during the stable fusion pore intermediate. With less release on 
neurotransmitter it has been proposed that fusion pore consists of the transmembrane domain 
from several syntaxins where the residues that affected foot size are found in the middle of 
the channel. 
To investigate any relationship between the fusion pore and hemifusion data, we 
proceeded by looking at the affect on total fusion and hemifusion made by making one of the 
mutations that altered the foot size during amperometry experiments and running total lipid 
mixing and inner lipid mixing experiments. The results showed no difference between 
syntaxin WT and syntaxin G276W during total fusion and hemifusion and from this we have 
concluded that fusion pore stability does not affect the rates of fusion and hemifusion. 
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CHAPTER 2. LITERATURE BACKGROUND 
Neuron Membrane Fusion 
Membrane fusion occurs in almost all the cells in a eukaryotic system. In humans, it 
has many duties from releasing neurotransmitters for cell signaling to transporting integral 
proteins to the cell surface. Neurotransmission release is part solving some of sciences most 
intriguing questions. How does the human brain work? Thinking, memory, and emotions 
are all a mystery at the molecular level. Understanding the proteins involved is necessary to 
unlock the mysteries of the brain. 
The neuronal transmission has provided an excellent starting point for understanding 
intracellular membrane fusion. Knowing the properties of the neurons on a molecular scale 
is essential for unraveling how the brain works. Along with satisfying the curious nature of 
human kind and providing invaluable medical information and molecular tools, research of 
fusion in neurons has other beneficial aspects. The unique activation of fusion in neuron 
cells allows researcher to do in vivo work on individual neuron cells by stimulating them on 
command with an electrode and observing fusion events. There is also the use of 
neurotoxins, such as the botilinum and tetanus, which are unique to neural fusion for use in 
experiments. Researchers also take advantage of how neurons excrete molecules outside the 
plasma membrane during fusion. All of these reasons have contributed to neural fusion 
becoming the standard system in which to study eukaryotic intracellular membrane fusion is 
studied. 
A neuron is a long, narrow cell that has the function of receiving and delivering 
signals very quickly across the length of its cell where it can be passed to the next neuron cell 
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to repeat the process, which can be seen in figure 2.1. To activate neural cell signaling, a 
neurotransmitter diffuses to the cell, binding to a receptor on the plasma membrane. A chain 
of events are set into action starting with the depolarization of the cell membrane on the same 
area where the neurotransmitter bound. The depolarization travels up to 200 m/s along the 
elongated neuron cell to the other end, activating the release of calcium into the cytoplasm. 
Calcium diffuses to the vesicles waiting in close proximity to the cell membrane and signals 
membrane fusion. As is shown in figure 2.2, the contents, consisting of neurotransmitters, 
are released outside of the cell where they can diffuse to a receptor on a neighboring neuron, 
starting the process over again. 
Discovery of the SNAREs 
George Palade was the first to have a glimpse of eukaryotic membrane fusion while 
looking at a granule vesicle through a microscope in the 1960's. It was several decades 
before the proteins responsible were identified. The first protein associated with eukaryotic 
membrane fusion was found in yeast golgi. The reagent N-ethylmaleimide was shown to 
inhibit fusion. The protein responsible for the sensitivity, N-ethylmaleimide-sensitive fusion 
protein (NSF), was identified when it restored fusion (Block et. al. 1988). 
Soluble NSF attachment protein (SNAP) was purified by taking advantage of its 
ability to bind NSF to membranes (Clary et. al. 1990). A NSF antibody was used to capture 
the whole unit of NSF, SNAP and the SNAP REceptors, termed SNARE. When the SNARE 
unit was detached from NSF and SNAP and ran on a gel, four distinct proteins were found 
(Sollner et. al. 1993). These proteins were sequenced and homologs were found in neural 
cells. Two of the four were identified as isoforms of syntaxin and another as the 25 kD 
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synaptosome-associated protein SNAP-2 both of which were located on the plasma 
membrane (Oylerl et. al. 1989, Bennett et. al. 1992). The final protein of the original four to 
be identified was vesicle associated membrane protein (VAMP). What was exciting about 
VAMP was that it was located on the vesicle membrane (Trimble et. al. 1988). The fact that 
the SNARE was composed of two proteins were found on the plasma membrane and one on 
the synaptic vesicle, along with all of them being recovered in equal amounts, shed light on 
how these proteins were involved with fusion. Shortly after, the SNARE hypothesis was 
produced (Sollner et. al. 1993). Because each vesicle contained VAMP while syntaxin and 
SNAP-25 were on the plasma membrane, these proteins and the complex they form together 
were proposed to act as a target marker matching vesicles with the plasma membrane. Soon 
SNAP and NSF were found not to influence bilayer fusion (Mayer et. al. 1996). 
Reconstitution of the SNAREs into opposing membranes promoted fusion, proving that they 
were directly involved in membrane fusion . 
SNARE Structure and Relation to Membrane Fusion 
SNAREs have been coined the "minimal fusion machinery" known to facilitate 
eukaryotic intracellular membrane fusion . Figure 2.3 displays how their presence alone has 
the ability to match appropriate bilayers, bring them into close proximity, and promote 
membrane fusion (Hanson et. al. 1997). The SNARE bundle is formed by four parallel 
aligned alpha helices. Within the bundle, the internal side of each of the helices contains 
hydrophobic residues (Antonin et. al. 2002b, Porier et. al. 1998, Sutton et. al. 1998). When 
the alpha helical domains are not in the SNARE bundle, they are in a random coil state 
(Fasshourer et. al. 1997, Rice et. al. 1997). 
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Two high resolution structures have been solved, displaying the SNARE bundles 
details (Antonin et. al. 2002, Sutton et. al. 1998). The SNARE bundle included the neural 
proteins VAMP, SNAP-25, and Syntaxin. The structure is displayed with relation to the 
membrane in Figure 2.4. Although the structure confirmed the hydrophobic interior of the 
SNARE bundle, it also showed a hydrophilic residue contributed by each alpha helice into 
the interior of the bundle (Figure 2.4). The SNARE bundle is very strong and can resist 
being denatured in 90°C heat or the presence of sodium disulfide (SOS) (Hayashi et. al. 
1994 ). People believe these hydrophilic residues provide a weak point in the bundle for 
undoing the proteins from each other and recycling them after fusion. 
The structure of the three neural SNAREs involved with neural fusion has been 
intensely studied over the last decade. Syntaxin, found on the plasma membrane, consists of 
three alpha helical domains: a transmembrane domain, a soluble inhibitory domain, and a 
soluble domain that participates in forming the SNARE complex with SNAP-25 and 
VAMP2. SNAP-25 has two soluble alpha-helices and is attached to the plasma membrane 
through geranylated cysteines. The two soluble alpha-helical domains from SNAP-25 can 
each contribute to form both the SNARE bundle, which also is referred to as the ternary 
complex. SNAP-25 can also form, along with two copies of syntaxin, the t-SNARE bundle, 
which is also referred to as the binary complex (Fiebig et. al. 1999). Vamp has two domains, 
a transmembrane and soluble domain. The soluble domain is able to replace one syntaxin 
helix in the t-SNARE bundle, forming a four-helix SNARE bundle with one syntaxin helix 
and two helices from a single SNAP-25. The formation of this new bundle connects the two 
opposing bilayers, providing a necessary link and possibly the energy needed for fusion. 
Since when the bundle is formed, random coil structure becomes alpha helical and the bundle 
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IS incredibly stable; many think that the Zippermg action during SNARE formation IS 
responsible for the energy needed for fusion (Hanson et. al. 1997). 
The role of the transmembrane domains is still not known. But if it is true that 
zippering of the bundle provides the energy for fusion, then the energy has to be transmitted 
through the transmembrane domain to the membrane. While they might only contribute to 
anchoring the SNARE bundle to the opposing membranes, a more active role is likely due to 
the energy and steps needed for membrane fusion. Two popular ideas are that the 
transmembrane domains could also promote fusion by disrupting the lipid bilayer, providing 
lipid mixing needed for hemifusion and fusion pore state, or they could be a means of 
oligomerizing with other transmembrane domains, bringing many SNARE bundles into one 
area to work together in fusion (Rickman et. al. 2005, Hua et. al. 2001, Han et. al. 2004). 
The mechanism of fusion is a complicated system, which has proven to be difficult to 
dissect. Studying membrane fusion has many forces and steps involved along with the 
limited structural techniques available for integral proteins. The forces involved in the fusion 
of two membranes are not fully understood. There are many steps that have been proposed 
over the years. Much of the research comes from the study of viral membrane fusion and 
theoretical analysis. The theoretical data suggest that, when the SNAREs zipper into a four-
helix bundle, the soluble domains are pulled away from the membrane surface. Suppose the 
linker regions between the bundle and the transmembrane domain of syntaxin and VAMP are 
pulled taut, thus pulling on the transmembrane domain and finally the lipid bilayer. The 
tugging on the lipid bilayer causes the membrane to form conical-shaped dimples from the 
opposing bilayers, bringing them within a few angstroms of each other (Rand et. al. 1989). 
Lateral shifting of lipids in the outer bilayer leads to small hydrophobic patches at the tips of 
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the dimples. The hydrophobic patches attract each other, repelling the water from the area 
separating the bilayers and finally leading to mixing of the outer bilayers or a hemifusion 
state (Figure 2.6). An additional shift of lipids, this time at the dimple site, in the inner 
bilayer to hydrophobic head groups promotes the mixing of inner bilayers with little energy 
required, forming a small fusion pore. Once the pore is formed, it would quickly enlarge to a 
stable size. There is, however, yet another energy barrier to overcome for full pore dialysis. 
The dynamics of full pore growth are affected by membrane curvature and tension 
(Chizmadzhev et. al. 2004). How the SNAREs contribute to dimple formations is easy to 
picture, but dissecting this and other steps and seeing if they are true for SNARE fusion and 
the role of SNAREs in the process will take some time to accomplish. 
FRET Experiments 
Fluorescence resonance energy transfer (FRET) has proven to be very useful in the 
research of membrane fusion. FRET is the movement of energy from a donor fluorescent 
molecule to an acceptor fluorescent molecule. The donor is able to enter an excited state 
upon activation of light. The acceptor is able to capture the energy from the donor in a 
distance-dependent manner. The acceptor enters an excited state and relaxes to its normal 
state, releasing the extra energy as a detectable photon of light that can give a time resolution 
of the proximity of labeled molecules. 
A fluorescent molecule has an electron can be excited from a ground state (SO) to a 
higher state (S 1,2,3 ... ) by a photon of light at a specific range of wavelengths. These 
electron relaxes very quickly back to the S 1 state. The electron can now decay back to the 
ground state (SO), releasing a photon of light at a higher wavelength. An acceptor 
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fluorophore can compete for the energy of decay when a donor fluorophore electron is in the 
S 1 state, taking the energy from the donor and exciting its own electron into an excited phase. 
The acceptor electron will then decay to the SO state, and a photon of light is emitted. 
Two primary conditions must be met in order for FRET. Firstly, the excitation range 
of the acceptor must overlap the emission range of the donor. For an acceptor and donor to 
make a suitable pair for an experiment, the overlap must be adequate while still being able to 
distinguish the two emissions and not have cross excitations between both spectrums. The 
other condition is that the appropriate distances are met. Donor and acceptor molecules must 
be 10-100 A in most cases for FRET. Forster's equation states that the efficiency of the 
transfer is dependent on the inverse sixth distance between the donor and acceptor meaning 
the percent chance of excitation drops at a rate of r6 with distance (Forster et. al. 1948). 
Two powerful assays, using FRET, have been introduced to examine membrane 
fusion. Content mixing and lipid mixing have enabled great strides in the field. A 
spectrophotometer is the only piece of equipment you need to accomplish any of these 
experiments. Probably the biggest reason these experiments have been so successful is 
because the equipment and chemicals needed to run them are easily accessible and available 
at low cost. 
Content mixing takes advantage of a vesicle membranes enclosure of a volume of 
water. There are two circumstances where membrane fusion can occur between two lipid 
bilayers in nature. For example, in a neuron cell signaling, one bilayer entity is contained 
inside of another. Upon fusion, the contents inner vesicle ends up in the space outside of the 
outer membrane bilayers. The other case is if both vesicle separate from on another. The 
fusion of these two vesicles mixes the contents of the two vesicles. 
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The first experiment to take advantage of content mixing used fusion between two 
separate vesicles. Firefly extract is luminescent when mixed with ATP. So two populations 
of vesicles are taken. One filled with firefly extract and one with MgA TP. Vesicle fusion 
between them was then observed using electron microscopy, light microscopy, scintillation 
counter, and absorbance increase (Ingolia et. al. 1977). 
The major problem with loading vesicles with specific content is that the contents 
gradually leak out. This leakage was being researched during the same period, and a system 
was introduced to accurately monitor leakage. FRET was discovered to be the correct tool 
for testing leakage (Allen et. al. 1980). The fluorescent compound calcein has the ability to 
quench another calcein molecule. Self quenching occurs because the emission spectra and 
excitation spectra of the same molecule overlap enough for FRET to take place. Since 
quenching is distance dependent and if the calcein is allowed to diffuse to a concentration 
where FRET efficiency is very low, a sharp increase in fluorescence can be observed. If you 
place calcein into a vesicle and allow it to fuse with either another vesicle or the plasma 
membrane, from inside a cell, the calcein will be released into a larger total volume and will 
diffuse to a lower concentration, lowering the self quenching efficiency and raising the 
fluorescence. Soon this technique was applied to membrane fusion (Kendall et. al. 1982). 
The amount of information received from a fluorescence technique is most 
informative when the chromophores are found in the area of interest, which in this case is the 
membrane. During fusion, the lipid bilayers from two opposing membranes become one. 
Lipid mixing assays have fluorescent tags attached to the lipids themselves allowing for a 
kinetic analysis of fusion much like in content mixing. 
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The need for membrane chromophores was noticed early on and developed to study 
membranes. Once fusion studies were being done, these fluorescent lipids were modified to 
be used to measure lipid mixing. Two of these fluorescent lipids, NBD-PS (1,2 dioleoyl sn-
glycero-3-phosphoserine-N-(7-nitri-2,1,3-benzoxadiazol-4-yl)) and rhodamine-PE (l,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamineB sulfonyl)) were found 
to work very well due to their overlap in the emission band of NBD-PS and excitation band 
of rhodamine-PE which lead to over 70% quenching at experimental concentrations (Struck 
et. al. 1981). By forming a group of vesicles with (NBD) and rhodamin lipids as part of the 
bilayer and fusing them with vesicles without chromophores, the NBD and rhodamin will 
become diluted over twice the surface area of lipids greatening the average distance between 
the acceptor and donor, thus lowering the transferring efficiency (Figure 2.7). More recently, 
a technique has been developed to separate the inner and outer mixing of the lipid bilayers 
during fusion. It was first developed to look at the rate of lipids flipping from one bilayer to 
the other bilayer. Sodium dithionite was used to chemically reduce the NBD on the outer 
part of the vesicles (Inter et. al. 1991). This assay was then used to look at the lipid mixing 
of the inner bilayer between two vesicles (Meers et. al. 2000). By fusing the lipids with non 
chromophore-containing vesicles, inner lipid mixing can be determined by subtracting the 
inner lipid mixing from the total lipid mixing. 
Although it may seem that lipid mixing should made replace content mixing obsolete, 
content mixing is still around. It does have the disadvantages of being harder to execute and 
content leakage, but it also gives an accurate account of complete fusion whereas lipid 
mixing can allow for a hemifusion state, giving inaccurate kinetics of total fusion rates. 
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Amperometry and Capacitance 
Another set of experiments that have contributed to the current models of SNARE 
fusion are amperometry and capacitance. The great advantage of these experiments are that 
they are done in vivo with cells that are very similar to human neurons. 
The membrane capacitance of a cell can be measured by applying a charge to a cell 
membrane and measuring the amount of current it is able to receive. This amount is directly 
proportional to the surface area of the cell (Hammeil et. al. 1981). When a vesicle fuses with 
the plasma membrane, its lipids are added to the total membrane lipids, increasing the surface 
area and thus increasing its capacitance, which when recorded looks like steps. Beige mouse 
mast cells were first used because of the enormous size of their releasable vesicles which 
allowed for the equipment to pick up individual fusion events (Neher et. al. 1982). Over time, 
equipment and techniques have improved to the point where other cells such as chromaffin 
and neuroendocrine rat cells were used to closer replicate human neurons. 
The development of amperometry technology took longer to pick up individual fusion 
events. A polymer-tipped electrode can oxidize protinated amine groups at physiological pH. 
The cations diffuse throughout the polymer to an electrode (Figure 2.8) (Kristensen et. al. 
1987). The production of this tip allowed for a single membrane fusion event to be recorded 
from the contents of a vesicle in a beige mouse mast cell. It was soon shown that 
amperometry and capacitance could be done in tandem, and they correlated the same fusion 
event expelling any doubt about either experiments' validity (Breckenridge et. al. 1987). 
Techniques applied to SNAREs 
The techniques presented here have all been useful in taking a closer look at how 
SNARE driven fusion proceeds. They each have been taken advantage of in very creative 
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ways to expose different hypothesis on how fusion progresses. In early capacitance and 
amperometry experiments, it was found that neurotransmitter release could proceed in 
several ways. Two of these ways were of special interest because they described a stable 
pore intermediate (Figure 2.9). In the first example, a small increase in capacitance and 
amperometric signal was seen for a few seconds, depicting the formation of a fusion pore. 
The signals then dropped back to the baseline. This is a perfect example of the proposed kiss 
and run mechanism, where the fusion pore is formed but full fusion does not occur. The pore 
then closes again and the vesicle is separate from the plasma membrane. The kiss and run 
mechanism would be a very efficient way of transmitting a signal because neurotransmitter 
could be released from the vesicle without the loss of the vesicle for reuse. 
The second interesting event discovered is the formation of a fusion pore followed by 
its dialysis. A "foot" is visible in the amperometric data as a small increase right before the 
spike. The foot represents a slow release of neurotransmitter during fusion pore formation 
preceding the spike in signal from the pore expansion (Toledo et. al. 1993). Even if there is a 
stable pore, is the pore composed of lipids or protein? Some recent data suggest that the pore 
consists of protein from the transmembrane domain of syntaxin. When residues on one side 
of the alpha-helical trans-membrane domain were mutated to tryptophan, a decrease in foot 
size was seen. It was proposed that several syntaxins transmembrane domains formed a 
barrel, making a complete circle to form the pore (Figure 2.10) (Han et. al. 2004 ). 
To investigate if the trans-membrane domain played a passive or an active role, 
several lipid mixing experiments replacing the transmembrane domain with non-peptidic 
anchors were done. First, VAMP and syntaxin trans-membrane domains were replaced with 
phosphatidyl ethanolamine. No lipid mixing was found, but SNARE formation and close 
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vesicle proximity still preceded, providing evidence that the SNAREs must have an active 
role. 
To see what properties were necessary for fusion, the trans-membrane domain was 
replaced with a 55-carbon isoprenoid capable of spanning both membrane bilayers. Fusion 
occurred at a rate higher than that for the wild type. Next, testing proceeded to find if 
hydrophobicity or the spanning of both membranes that was responsible for fusion. Trans-
membrane domains were then replaced with several lipid anchors. The experiments showed 
that VAMP needed the anchor to span both bilayers where as syntaxin depended on total 
hydrophobicity for fusion (McNew et. al. 2000). 
Very recently, hemifusion has been shown to be a part of SNARE fusion. By using 
yeast homologs of the neural SNAREs, researchers have used a known fusion inhibitor to see 
hemifusion. The inhibitor had a greater inhibition on content mixing than on lipid mixing. 
So, if lipids are mixing but fusion is not occurring, the vesicles must be traveling through a 
hemifusion state. 
Using inner lipid mixing, hemifusion has also been found in both neural and yeast 
SNAREs. By looking at the total lipid mixing and inner lipid mixing, you can easily derive 
outer lipid mixing. If the outer lipids are mixing at a greater rate than inner lipids, then a 
hemifusion intermediate is present (Xu et. al. 2005, Lu et. al. 2005). 
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CHAPTER 3. MATERIALS AND METHODS 
Plasmid Preparation 
Plasmid constructs used were previously made with syntaxin, SNAP-25 and VAMP 
all inserted into the vector with glutathione s-transferase (Kweon et. al. 2003). In the 
construct of syntaxin, the Habc domain is removed. Glycine 286 of syntaxin was mutated to 
tryptophan by using PCR with primers containing a new DNA sequence for the changed 
amino acid. PCR products were treated with DPN-1 which can cleave the bacterial DNA 
used in the PCR by targeting its methalated sequence. New mutated plasmids were then 
transformed into DH5 alpha cells and plated onto ampicillin-containing agar. Three colonies 
of plasmids were separately purified, concentrated, and sent to the Iowa State University 
DNA Sequencing Facility. Sequencing identified the plasmids with the correct sequence. 
Protein Expression and Purification 
VAMP, SNAP-25, syntaxin G276W and wild type syntaxin plasmids were 
transformed into Escherichia coli Rosetta (DE3) pLysS (Novagen). An overnight culture 
was grown overnight for the next days' expression. LB broth with glucose (2g/L), ampicillin 
(100 ug/mL) was inoculated with 10 mL of the overnight culture. The culture was incubated 
at 37 °C and shaken at 225 rpm. When the A600 reached 0.6-0.8, Isopropyl-B-D-
thiogalactopyranosid (IPTG) was added to a concentration of 1 mM. Cells expressed protein 
for 6 hours at 37 °C at 160 rpm. Cells were then pelleted by centrifugation. 
Cell pellets were resuspended in 10 mL resuspention buffer containing PBS, 0.5% v/v 
Triton, 2 mM 4-(2-Aminoethyl)benzenesulphonyl fluoride AEBSF and 0.5% w/v lauroyl 
sarcosine pH 7 .8. Cells were sonicated on ice for 5 minutes and nutated for 30 minutes at 4 
16 
0 C. Solids were centrifuged from the solution. Lysate was mixed with 2 mL of glutathione-
agarose beads and again nutated for 45 minutes at 4 °C. Beads were washed with excess 
volume of washing buffer (PBS, 0.1 % Triton). Beads were washed with Buffer A (HEPES, 
KCl, pH 7.7) with 1 % w/v OG leaving 2 mL of buffer A with the beads. Thirty units of 
Thrombin were added to the bead slurry and nutated for 1 hour at room temperature. Protein 
was eluted with the buffer. Glycerol and AEBSF are mixed with the buffer before storing the 
samples in -80 °C. Protein concentrations were found using the BioRad De protein assay. 
Reconstitution 
Two kinds of vesicles were prepared. One was composed of 50mM molar ration 
65:35 POPC ( l-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine ):DOPS ( 1,2-dioleoyl-
sn-glycero-3-phosphatidylserine) and another was composed of 10 mM molar ration 
62:35: 1.5: 1.5 POPC:DOPS:NBD-PS:Rhodamine-PE. Lipids were stored in chloroform. To 
exchange the solvent for buffer A, the lipids were mixed and dried. First the solvent was 
evaporated by running gas over the solution, drying the lipids to the inside of the test tube. 
Then lipids were vacuum dried overnight before resuspending them in buffer A. To form 
100 nm large uninemular vesicles the lipids were freeze and then thawed several times and 
finally ran through an extruder. Vesicles were stored at 4 °C. 
A ration of 1: 100 protein molecules to lipid molecules ratio was prepared for both 
VAMP and t-SNAREs. 24 uL of 41 uM VAMP was incubated with 1 uL 10 mM fluorescent 
vesicles containing 1.5 molar percent NBD-PS and rhodamine-PE. A 1: 1 ratio of 40.75 uL 
22 uM SNAP-25, and 42 uL 21 uM syntaxin wildtype or 56 uL 16 uM syntaxin G276W were 
incubated at 4 °C for 3 hours and finally incubated with 1.8 uL 10 mM non-fluorescent 
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vesicles. Incubation was at room temperature for 15 min. The solution was diluted with an 
equal volume of buffer A to reduce the OG (n-octyl-D-glucopyranoside) concentration below 
its critical micelle concentration. Samples were dialyzed against 2 L of buffer A overnight at 
4°C and nutated with biobeads to remove the OG. 
Total and Inner Fusion 
A ration of 9: 1 t-SNARE:V-SNARE liposomes were mixed reaching a total 
concentration of lrnM lipids after Buffer A was added to a final volume of 100 uL. The 
sample was incubated at 35 °C while emission and excitation wavelengths were recorded at 
530 nm and 465 nm, respectively. After 5000 seconds, the vesicles were broken with 0.2% 
dodecylmaltoside and the emission intensity was recorded to determine the maximal 
fluorescent intensity (MFI). 
For inner leaflet mixing, 50 mM sodium dithionite was added in 0.5 uL amounts to 
the 100 uL V-SNARE liposomes. Because the inner bilayer NBD was protected by the 
vesicle membrane, the outer bilayer NBD-PS reacted more readily with sodium dithionite. 
NBD fluorescence was reduced to 40-50% of the initial intensity immediately before the 
using in the fusion assay. Reduced V-SNARE liposome is used in place of V-SNARE 
liposome in total fusion procedure. The total and inner fusion was repeated 3 times with 
fresh preparations by using syntaxin WT and syntaxin G276W individually. 
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CHAPTER 4. RESULTS AND DISCUSSION 
Hypothesis 
l made a mutant of syntaxin where the transmembrane domain disrupts the flow of 
neurotransmitter during stable pore formation. To test whether altering the stability and flow 
of a proteinacious fusion pore would change total fusion or hemifusion rates, I tested the 
mutant versus the wild type syntaxin. PCR mutagenesis was used to make the syntaxin 
G276W, which was published to decrease the foo t size in amperometric experiments. 
Total lipid mixing assay 
I compared total lipid fusion rates of in vitro vesicles for both the SNARE complex 
with wildtype and G276W syntaxin. Syntaxin and SNAP-25 were preformed into the t-
SNARE and reconstituted into 65:35 POPC:DOPS or unlabeled vesicles and VAMP was 
reconstituted 62:35: 1.5: 1.5 POPC:DOPS:NBD-PS:Rhodamine-PE, or labeled vesicles. Both 
reconstitutions had a ratio of 100: 1 of lipid: protein. Vesicle with protein were then mixed 
with a ratio of 1 :9 labeled to unlabeled to give 100 uL with a final lipid concentration of l 
mM. After mixing, the samples were immediately monitored on the fluorometer for 5000 
seconds, after which detergent was added to find the maximal fluorescent intensity. In figure 
4.1, there is no significant differences between either syntaxin wild type and syntaxin 
G276W. For both syntaxins the intensity increased by about 15% of the total lipid mixing 
potential. Thus, the amount of neurotransmitter released does not affect fusion rates in a 
fusion pore model. 
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Inner lipid mixing assay 
Both syntaxin wild type and mutant were also compared in inner lipid bilayer mixing 
assays which can be used to find the rate of hemifusion. Total lipid mixing was repeated at 
the same time as inner lipid mixing. For inner lipid mixing, the procedure is the same as for 
total lipid mixing experiments except for one added step. Just before mixing the labeled and 
unlabeled vesicles together, the labeled vesicles are reduced with sodium dithionite. Small 
amounts are carefully added and monitored for intensity until the intensity is dropped to 40-
50% of the original. This reduces the NBD-PE in the outer bilayer because it is more 
susceptible. After the intensity has reached 50%, the outer bilayer NBD has been chemically 
reduced, leaving only fluorescents in the inner. The reduced vesicles are then used for fusion 
with the unlabeled vesicle to give the rate of inner lipid mixing. The normalized inner and 
total lipid mixing for WT and G276W are in figures 4.2 and 4.3, respectively. 
To find the percentage of lipids mixing from a hemifusion state, take the percent of 
intensity change due to the lipid mixing of hemifusion (PH) and divide it by the amount of 
lipid mixing due to full fusion and hemifusion (PO). 
PH/PO* 100 = percent of mixing lipids in hemifusion state [l] 
Because the data is in the form of normalized intensity for inner (PI) and total lipid 
mixing (PT) a formula must be used. The percentage of total lipid mixing is just an average 
of the percentage of both inner lipid mixing and outer lipid mixing. 
PI+P0=2PT[2] [2] 
The relationship between PI and PO is that PI is missing the lipid mixing from 
hemifusion, PH. 
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Pl+PH=PO [3] 
If you substitute the PO in equation 2 for the PO in equation 1 and solve for PH you 
get 
PH=2(PT-PI) [4] [4] 
If you take equation 3 and 4 expressing PH and PO in terms of PI and PT in equation 
1 you get 
2(PT - Pl)/[2(PT - Pl) +PI] x 100= percent of mixing lipids in hemifusion state [5] 
Figure 4.4 displays the hemifusion for both wild type and G276W. These hemifusion 
rates are very similar to the rates published recently for the same ratio of lipid:protein. (Lu 
2005) Hemifusion was seen the greatest at the beginning for the run and slowly decreased 
over time. This is just what you would expect from a system that is passing through an 
intermediate step in a hemifusion pathway. By using both versions of syntaxin the SNARE 
complex induced the same amount of hemifusion during the fusion of membranes, showing 
that the mutant doesn't affect the SNAREs role in hemifusion. 
Discussion 
SNARE driven fusion has been shown to become trapped in the hemifusion state 
when proteins have a much lower concentration than the lipids. These experiments were 
done at a low enough level where it has been shown that the hemifusion state is being passed 
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through in full fusion and some vesicles are remaining in the hemifusion state (Lu et. al. 
2005). 
Amperometry experiments with point mutations m the syntaxin TMD (trans 
membrane domain), showed a correlation between foot volume and the amino acid size of 
the mutation. It was proposed that syntaxins' TMD oligomerized into a cylinder to form an 
initial stable fusion pore which is able to release neurotransmitters. Point mutations at the 
residues facing the inside of the barrel impeded passage of contents from the vesicle after a 
stable fusion pore is formed. Since a mutation did not affect total fusion rate it can be said 
that the rate of flow through the stable fusion does not change the chance of fusion occurring. 
How a stable protein pore would enlarge into full fusion can not be answered but it would 
seem that changing the flow rate of neurotransmitters out the pore doesn't have any effect. 
However, it is possible that H20 could pass through the pore at a rate that could expand the 
pore, even though neurotransmitter can still pass. In the amperometry experiments, it was 
found that the amount of time that the fusion pore was stable was the same for all the 
mutants. 
With the tryptophan from each TMD member of the pore in the middle of the pore 
then the transmembrane domains of five syntaxins would have to be involved with forming 
the pore. Even then the large tryptophan molecule from each syntaxin would barely if able to 
squeeze inside the protein pore. If there is not room for those tryptophans, which would be 
the case if three syntaxins create a pore, the syntaxin TMD would likely have lower binding 
affinities. There have been some studies done where it was shown that three SNARE 
bundles are responsible for fusion. So in events where fusion is happening with few 
SNAREs the bulge in the side of the syntaxin TMD should affect the chance of fusion. Our 
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experiments had equal fusion rates for both. This suggests that the pore is possibly lipid after 
all. 
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CHAPTER 5. CONCLUSION 
Summary 
SNARE driven membrane fusion has yet to give out all of its mysteries. Slowly steps 
are being discovered and reinforced which allow for speculation and further testing. There 
are many factors left out of my in vitro system that could have an important role in fusion . 
For example, the calcium sensor still has yet to be confirmed although there are a couple of 
proteins that are probable candidates. How other proteins are involved with the process of 
fusion is unknown. It hard to make assumptions when comparing in vivo and in vitro 
experiments. Because of the differences in experiments and the fact that the correlation 
between the systems was negative, it is hard to make large assumptions. 
I do think that these results have some information about SNARE fusion. For 
example, mutations that disrupt the release of neurotransmitters during a stable fusion pore 
do not change the amount of hemifusion or the rate of total fusion . It also does not agree 
with the notions that fusion depends on three SNAREs and the protein pore model because 
there would be a disruption of oligomerization with the large tryptophan residues. 
Future Research 
There are many areas available to further explore involving SNARE driven fusion. 
Do hernifusion and a stable fusion pore exist as part of the same pathway or if there are two 
pathways involved? Is the fusion pore is formed from lipids or protein? Where does 
hemifusion fits into the fusion pathway? These are just to name a few questions in the grand 
scheme of membrane fusion. 
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The flow of solvents through the stable fusion pore may provide energy needed for 
pore expansion. If the syntaxin barrel structure is found, it could possibly be modified to 
produce barrel that does not allow even H20 molecules to pass through. Lipid mixing and 
amperometry experiments would tell how the stable fusion pore is leading to full fusion. 
EPR assays could be used to determine if the syntaxin TMD does form a barrel and what size 
barrels are found. By attaching spin labels, using disulfide chemistry, to single cysteine 
mutations in the TMD of syntaxin, distances between the syntaxin trans membrane domains 
could be found. These distances would provide information pertaining to if they 
oligomerize in the first place and if they do, how many and if they form a barrel structure. 
If the syntaxin TMDs don't form a barrel structure in the membrane before fusion 
then it would be unlikely that they form a barrel during fusion. If three syntaxin trans 
membrane domains do form a barrel, it would be interesting to see if the tryptophan mutation 
would lower the number of three TMD barrels. These changes could then be monitored with 
amperometry to see if they affect any of the three kinds of fusion seen in amperometry 
experiments. There are the two events proposed to represent the kiss and run and full fusion 
mechanism involving the stable fusion pore. The third event is a sudden fusion event without 
a stable fusion pore. 
If EPR shows that the syntaxins do form a barrel, then syntaxin mutant could be made 
to try to disrupt this barrel. By disrupting the oligomerization of syntaxin, lipid mixing and 
amperometry could be used to see how hemifusion and the protein pore are affected. 
There are a great number of variables at work here, which allows for a very complex 
process. Considering the difficulty and limitation of techniques while working with SNARE 
fusion, it is surprising to see how far research has unfolded since SNARE were discover just 
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over 10 years ago. With innovative research continuing, the mysteries of the SNAREs will 
not hold out for too long. 
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VAMP is blue, syntaxin is red and SNAp-25 is green. SNARE hypothesis is displayed, 
where the SNARE proteins act as target recognition for the vesicle and plasma membrane 
.(Toonen et. al. 2003) 
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Figure 2.4 
With VAMP in blue, syntaxin in red, and SNAP-25 in green. A structural diagram shows 
the relation ship and gereral strcture of the SNARE proteins when in complex. 
(Sutton et. al. 1998) 
Figure 2.5 
With VAMP in blue, syntaxin in red, and SNAP-25 in green. The center of the SNARE helix is shown 
where each SNARE contributes a charged residue . This center is thought to be important for SNARE 
disassembly. 
(Ernst et. al. 2003) 
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Figure2.6 
The hemifusion intermediate is shown here. A) Two distinct bilayers in close proximity. B) 
Hemifusion is where the outer bilayers have become one layer without mixing of the inner 
bilayer. C) Hemifusion state with inner bilayers in contact. D) Full fusion. 
(Markin et. al. 2002) 
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In lipid mixing assays, the fluorescent lipids are dispersed over a larger area, increasing their 
proximity. The increase in distance decreases their FRET efficiency. 
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Stand alone fllicker 
Three distinct fusion events are visible with capacitance/amperometry experiments. Here, 
two of them are displayed. On the left is the formation of a fusion pore followed by pore 
dialysis. On the right is an example of the kiss and run mechanism. Not shown is full fusion 
without the foot visible. 
(Neher et. al. 1993) 
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A possible mechanism for protein fusion pore dialysis shown in tandem with capacitance 
data. 
(Aimers et. al. 1990) 
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Lipid mixing was normalized by dividing the intensity by the MFI. Total lipid mixing was 
done with wild type syntaxin and G276 syntaxin 
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Lipid mixing was normalized by dividing the intensity by the MFI. Both inner and total 
mixings were done with wild type syntaxin. Experiments were averaged over three runs. 
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Lipid mixing was normalized by dividing the intensity by the MFI. Both inner mixing and 
total mixing had the mutant syntaxin G276W was in place of wild type syntaxin. 
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